Resolving difficult nodes for any part of the vertebrate tree of life often requires analyzing a large number of loci. Developing molecular markers that are workable for the groups of interest is often a bottleneck in phylogenetic research. Here, on the basis of a nested polymerase chain reaction (PCR) strategy, we present a universal toolkit including 102 nuclear protein-coding locus (NPCL) markers for vertebrate phylogenomics. The 102 NPCL markers have a broad range of evolutionary rates, which makes them useful for a wide range of time depths. The new NPCL toolkit has three important advantages compared with all previously developed NPCL sets: 1) the kit is universally applicable across vertebrates, with a PCR success rate of 94.6% in 16 widely divergent tested vertebrate species; 2) more than 90% of PCR reactions produce strong and single bands of the expected sizes that can be directly sequenced; and 3) all cleanup PCR reactions can be sequenced with only two specific universal primers. To test its actual phylogenetic utility, 30 NPCLs from this toolkit were used to address the higher level relationships of living salamanders. Of the 639 target PCR reactions performed on 19 salamanders and several outgroup species, 632 (98.9%) were successful, and 602 (94.1%) were directly sequenced. Concatenation and species-tree analyses on this 30-locus data set produced a fully resolved phylogeny and showed that Cryptobranchoidea (Cryptobranchidae + Hynobiidae) branches first within the salamander tree, followed by Sirenidae. Our experimental tests and our demonstration for a particular case show that our NPCL toolkit is a highly reliable, fast, and cost-effective approach for vertebrate phylogenomic studies and thus has the potential to accelerate the completion of many parts of the vertebrate tree of life.
Introduction
Building phylogenomic supermatrices with multiple nuclear loci has become the standard method of resolving species relationships in difficult biological scenarios (Delsuc et al. 2005) . One efficient method of constructing multilocus data sets is expressed sequence tag (EST) (Philippe and Telford 2006; Dunn et al. 2008; Philippe et al. 2009 ) or transcriptome (Künstner et al. 2010) sequencing, in which high-quality RNA is extracted from each organism of interest and a huge number of ESTs or transcripts are then sequenced by Sanger or next-generation sequencing (NGS). However, this approach often generates patchy data sets with a high proportion of missing data, which may compromise phylogenetic inference (Lemmon et al. 2009; Roure et al. 2013 ). More importantly, this approach is not workable for many older collections because these specimens can only provide DNA samples. A second efficient way to construct multilocus data sets is the sequence capture method in which target genomic regions are selectively captured by hybridization with probes before NGS Lemmon et al. 2012; McCormack et al. 2012) . The most attractive feature of this method is that it can generate hundreds to thousands of loci for many samples in a short time. However, experimentally, the efficiency of sequence capture is considerably influenced by the divergence between probes and target sequences (Lemmon et al. 2012; McCormack et al. 2013 ). More importantly, turning the huge data set derived from sequence capture into sequences that researchers can analyze requires sophisticated bioinformatic processing, which is currently quite challenging to most phylogenetic researchers (McCormack et al. 2013) . Therefore, although the sequence capture method is efficient and promising, its immaturity currently restricts its wide application in the community.
Currently, for vertebrate phylogenetics, the most widely used approach for building multilocus data sets is still conventional targeted polymerase chain reaction (PCR) and the sequencing of selected orthologous genes. However, the PCR-based method is laborious: 1) most practitioners spend much time developing and screening molecular markers that are workable for their studied taxa and suitable to their evolutionary timescale of interest (Murphy et al. 2001; Li et al. 2007; Townsend et al. 2008; Wright et al. 2008; Shen et al. 2011) ; 2) it requires PCR of each organism at each locus, not to mention the extra effort involved in PCR optimization, gel-purification, and cloning. On the other hand, the PCR-based method also has its advantages: 1) it is highly targeted and can produce nearly complete data matrices, and the data analysis process is straightforward and familiar to most empirical researchers; 2) it requires no prior genomic knowledge of the targeted organisms; and 3) it works with tiny amounts of DNA and thus appears to be an ideal solution when DNA samples are limited.
For most interspecific phylogenetic projects, nuclear protein-coding loci (NPCLs) that are developed on exons are likely the markers of choice for the PCR-based strategy, because they provide an appropriate level of variation, easy alignment across a large phylogenetic span, and relatively straightforward detection of paralogs . In this study, our aim was to develop a suite of universal NPCL markers and an efficient experimental protocol for vertebrate phylogenomics. Aimed at eliminating the drawbacks of the conventional PCR-based method, we designed our NPCL toolkit and protocol to 1) include approximately 100 NPCL markers (we think the economic transition from PCR to sequence capture is at approximately 100 loci; if more than 100 loci are to be used, the PCR method is not cost-efficient); 2) work for all major jawed vertebrate clades and provide good resolution at different evolutionary timescales; 3) produce single and strong amplicon bands without any PCR optimization in most cases; and 4) yield PCR products that can be directly cleaned and sequenced without gel purification or cloning in most cases.
Because our NPCL toolkit is designed for universal phylogenetic applications in vertebrates, it should be tested in a real case with some difficult samples. Salamanders are well known to have much larger genomes than most vertebrates (often 10 times the human genome, http://www. genomesize.com/). The PCR-based method normally performs poorly for salamanders (personal experience and communication with colleagues). For example, Shen et al. (2011) amplified 22 NPCL markers in 16 tested vertebrates. In all 15 nonsalamander species, approximately 90% of the markers could be successfully amplified; however, for the tested salamander species Batrachuperus yenyuanensis, only 8 of 22 NPCL markers (36%) could be amplified. Here, we apply our NPCL toolkit and protocol to address the higher level relationships of living salamanders as a test of the toolkit's utility. Our results demonstrate that the new universal NPCL toolkit and protocol are fast and effective in constructing multilocus data matrices for vertebrate phylogenomics.
Results

Experimental Performance and Characteristics of the New NPCL Toolkit
The newly developed NPCL toolkit contains 102 NPCL markers, ranging from 510 to 1,650 bp, with an average length of 1,050 bp; each NPCL marker comprises two pairs of primers for the nested PCR strategy (supplementary table   S1 , Supplementary Material online). These 102 NPCL markers are broadly distributed on 21 chromosomes of the human genome ( fig. 1 ). We classified their PCR performance into three levels: 1) producing a single target band of the expected size, 2) producing a target band but also significant nonspecific bands, and 3) not producing a target band. The first two conditions are considered successful. The PCR performances of the 102 NPCL markers across 16 diverse vertebrate species and three representative electropherograms are shown in figure 2. Of the 102 NPCL markers, 57 have a 100% success rate in the 16 tested vertebrate species, 87 have a success rate of more than 90%, and the remaining 15 range from 56% to 88% ( fig. 2) . Of the 1,632 PCR reactions (102 loci Â 16 taxa), 1,544 (94.6%) were successful, with 1,485 (91%) producing strong, single target bands that can be used for direct sequencing. In the demonstration case in which 30 NPCL markers were used to investigate the higher level relationships of living salamanders, 632 (98.9%) of the 639 target fragments were successful. Of the 632 successful reactions, 602 (95%) were directly sequenced with the general sequencing primers "Seq_F" and "Seq_R." The PCR success rates for each of the 102 NPCL markers across the 16 tested vertebrate species are shown in figure 3 .
The evolutionary rate, as evidenced by the degree of variability, is an important parameter of an NPCL marker because it determines applicability for different phylogenetic questions. Although our NPCL toolkit has a high PCR success rate in highly diverged taxa, that success does not mean that the NPCL markers in the toolkit are very conserved. As figure 3 illustrates, our toolkit includes NPCLs with a broad range of evolutionary rates, approximately 4-fold. Among the 102 NPCL markers, 60 evolve faster than RAG1, an NPCL that has been widely used for phylogenetic inference in various vertebrate groups. Because previous analyses based on RAG1 data resulted in highly resolved and robustly supported phylogenetic relationships at multiple hierarchical levels (San Mauro et al. 2005; Wiens et al. 2005; Hugall et al. 2007; Roelants et al. 2007) , this indicates that our NPCL toolkit has the potential to resolve questions of both deep and shallow phylogeny.
It is well known that the fish-specific genome duplication occurred in the teleosts (Meyer and Van de Peer 2005) . Although most duplicated genes were secondarily lost, some were retained or evolved new functions. For an NPCL marker, if there are two similar copies in teleost genomes, it is difficult to check the orthologous status of the obtained fragments. To this end, we took the zebrafish sequence of each NPCL to Basic Local Alignment Search Tool (Blast) against all available teleost genomes in the ENSEMBL database. If an NPCL receives more than two Blast hits and the top Blast score is not more than twice the second Blast score, that NPCL might have an extra copy in teleost genomes. Using this method, of the 102 NPCLs, it was found that only six (CXCR4, GLCE, KCNF1, LINGO1, NTN1, and PCDH10) may have extra copies in teleost genomes ( fig. 3 S1 , Supplementary Material online). The phylogenetic analyses of the concatenated data set using three tree-building methods (maximum likelihood [ML] , Bayesian, and CATmixture model) produced an identical, fully resolved tree for 28 taxa (fig. 4) . In all 25 nodes of the tree, the statistical support was highly robust (BP ML 99-100%; PP BAY = 1.0; PP CAT = 1.0). The species tree estimated from 30 individual NPCLs without data concatenation using the pseudo-ML approach is identical to those estimated from the concatenated analyses. All nodes received bootstrap support values varying between 74 and 100 ( fig. 4) . We also conducted phylogenetic analyses at the amino acid level (9,278 deduced amino acid residues) using three tree-building methods (ML, Bayesian, and CAT-mixture model). The protein tree topology is identical to the DNA result with just slightly lower branch support for some nodes (supplementary fig.  S2 , Supplementary Material online). Therefore, we did not further analyze the protein data set.
The monophyly of extant amphibians with respect to amniotes and the close relationship between frogs and salamanders (the Batrachia hypothesis) are repeatedly recovered in most recent molecular studies (San Mauro et al. 2005; Zhang et al. 2005; Frost et al. 2006; Hugall et al. 2007; Roelants et al. 2007; Zhang and Wake 2009; San Mauro 2010; Pyron and Wiens 2011) . However, a recent molecular study based on 26 nuclear genes (Fong et al. 2012 ) supports a caeciliansalamander sister relationship, with the possible paraphyly of extant amphibians. Our phylogenetic analyses based on Inoue et al. (2010) and the book The Timetree of Life. (b) The PCR performance of each NPCL marker is ranked by three different-colored squares: black, producing single target band; gray, having a target band but with significant nonspecific bands; white, no target band. The102 NPCL markers are sorted according to their PCR success rates. (c) Three typical agarose electrophoresis results for 9 NPCL markers. of lissamphibians and the Batrachia hypothesis ( fig. 4) .
Additionally, all possible hypotheses against the monophyly of extant amphibians and the Batrachia hypothesis were rejected in our topological tests (table 2) . However, the Batrachia hypothesis did not receive strong support in our species tree analysis (BP MP-EST = 74%; fig. 4 ), suggesting that more nuclear genes are still needed to resolve this node. The monophyly of the internally fertilizing salamanders (Salamandroidea; all salamanders exclusive of Hynobiidae, Cryptobranchidae, and Sirenidae) is strongly supported in our analyses ( fig. 4 ), in line with most recent molecular studies (Wiens et al. 2005; Roelants et al. 2007; Zhang and Wake 2009; Pyron and Wiens 2011 ) but differing strongly from Frost et al. (2006) , who recovered a clade comprising Sirenidae, Dicamptodontidae, Ambystomatidae, and Salamandridae. The internally fertilizing salamanders include two wellsupported clades: one is composed of Ambystomatidae, Dicamptodontidae, and Salamandridae, and the other of Proteidae, Rhyacotritonidae, Amphiumidae, and Plethodontidae ( fig. 4) .
Currently, two hypotheses have been proposed regarding the basal split within living salamanders. The traditional view favors Sirenidae as the sister group to all remaining salamanders (Duellman and Trueb 1994) . This hypothesis received strong support in two recent studies (based on mitochondrial genomes, BP ML = 98%; Zhang and Wake 2009; based on mitochondrial genomes and nuclear genes, BP ML > 80%; San Mauro 2010). In contrast, some studies suggest that the basal split separates Cryptobranchidae + Hynobiidae from all other salamanders (Gao and Shubin 2001; Wiens et al. 2005; Frost et al. 2006; Roelants et al. 2007; Pyron and Wiens 2011) but always without strong support (BP ML < 71%). Our phylogenetic analyses based on 30 independent NPCLs supported the second hypothesis that Cryptobranchoidea (Cryptobranchidae + Hynobiidae) branched first within the living salamanders. This result is extremely robust in our concatenation analyses (BP ML = 99%, PP BAY = 1.0, PP CAT = 1.0; fig. 4 ) and statistically rejects all alternative hypotheses (table 2). In the species tree analysis without data concatenation, this result is also strong (BP MP-EST = 83%; fig. 4 ). How many nuclear genes, then, are needed to robustly resolve the question of the basal split within living salamanders? Our analysis of data subsets indicates a progressive increase in the bootstrap support value for the node of interest ( fig. 4 ) when an increasing number of genes are analyzed ( fig. 5 ). Analyses based on single genes rarely resolve the node of interest with any confidence. Analyses based on 5-10 genes produce bootstrap support values of 60-80% in concatenation analyses ( fig. 5 ), which is congruent with all previous nuclear studies using similar-sized data sets (Roelants et al. 2007; Pyron and Wiens 2011) . Taking a bootstrap value of 95% in concatenation analyses as the threshold of "fully resolved," the minimum number of nuclear genes needed to resolve the root of the salamander tree is approximately 25. The previous contradictory results may be due to the overwhelmingly strong signals from the mitochondrial genome. Because ZIC1  PCDH10*  BPTF  KBTBD2  DBC1  LINGO1*  ARID2  FUT9  VCPIP1  B3GALT1  MED1  LPHN2  GGPS1  SACS  PANX2  CASR  PDP1  CAND1  LRRN3  LINGO2  MGAT4C  FLRT3  KIAA1239  ENC1  SLITRK1  ZFPM2  ZEB1  FZD4  MIOS  MYCBP2  DSEL  ZBED4  LRRC8D  MB21D2  SETBP1  DOPEY1  SALL1  MED13  LRRTM4  DISP1  RAG1  DCHS1  NHS  EXTL3  SOCS5  ROR2  TTN  RP2  RERE  ANKRD50  FREM2  HYP  GRM2  CXCR4*  DSE  GLCE*  PCLO  VPS18  GRIN3A  ADNP  GPER  FAT4  STON2  LRRN1  ARSI  IRS1  PIK3CG  P2RY1  PCDH1  KCNF1*  DMXL1  RAG2  PPL  FAT2  LIG4  EXOC8  DET1  FILIP1  WFIKKN2  ZHX2  CILP  CELSR3  SYNE1  LCT  TLR7  CPT2  CHST1  FEM1B  DNAH3  SH3BP4  DOLK  FICD  SPEN  KIAA2013  SVEP1  DISP2  REV3L  FAT1  MSH6  EVPL the initial diversification of salamanders occurred within a relatively short window of time (Weisrock et al. 2005) , the genealogical histories of individual gene loci may sometimes appear misleading in terms of the relationships among species due to incomplete lineage sorting. Unfortunately, the mitochondrial genome recorded such an incorrect history.
Discussion
The NPCL toolkit and experimental protocol introduced here is a highly reliable, rapid, and cost-effective method for building medium-scale multilocus data to produce highresolution phylogenetic relationships. This phylogenomic approach has the potential to accelerate the completion of many parts of the vertebrate tree of life because no further marker development is required, which is often the bottlenecks in phylogenetic research. Once a specific phylogenetic question within vertebrates arises, researchers simply need to check the list for our toolkit and look for NPCL markers with expected evolutionary rates and experimental performance for their groups of interest. Then many orthologous loci can be quickly obtained by traditional PCR and Sanger sequencing, usually without time-consuming gel cutting and cloning. Applying the NPCL toolkit may also have another benefit for assembling the vertebrate tree of life because people working on different groups can easily use the same set of loci, which will facilitate combined analyses.
Merits of the Toolkit
Because of the use of the nested PCR strategy outlined earlier, most NPCL in the toolkit work for all major jawed vertebrate groups with high experimental success rates (normally > 95%). Such results were achieved in unified PCR conditions without any extra effort involving cycling condition optimization. This feature of the toolkit enables it to surpass previously developed nuclear marker sets (Murphy et al. 2001; Li et al. 2007; Thomson et al. 2008; Townsend et al. 2008; Wright et al. 2008; Portik et al. 2011; Shen et al. 2011; Zhou et al. 2011 ). Most previous nuclear marker sets were developed for specific animal groups, and their application to In PCR-based phylogenetic projects, even when the PCR reactions are successful, the products often contain significant nonspecific amplicons. Such a condition requires additional effort involving gel purification and cloning, which involves much more time than the PCR reaction. Our NPCL toolkit is specifically designed to solve this problem, so that normally, over 90% of PCR reactions produce strong and single expected bands. Moreover, most of the primers used to date for nuclear marker sets are degenerate and thus are not suitable for direct sequencing PCR products. Benefiting from the use of our nested PCR strategy, we introduce anchoring sequences to the ends of PCR fragments while maintaining PCR efficiency. Such introduced anchoring sequences bring the added benefit that two specific sequencing primers (Seq_F and Seq_R) can be used in all Sanger sequencing reactions.
One additional feature of our NPCL toolkit is that the average length of the NPCLs within it is 1,050 bp, a length that can easily be amplified in one PCR reaction and sequenced in both directions to allow efficient use of resources. In contrast, the average marker lengths are 920 bp for 10 NPCLs in Li et al. (2007) , 760 bp for 26 NPCLs in Townsend et al. (2008) , 873 bp for 22 NPCLs in Shen et al. (2011) , and 470 bp for 75 NPCLs in Fong and Fujita (2011), respectively. Longer markers will provide more sites than shorter ones for equivalent money and time. This feature makes our NPCL toolkit more cost-effective than previously developed nuclear marker sets.
Phylogenetic Utility
The vertebrate NPCL toolkit we developed here shows great promise in terms of phylogenetic utility. A remarkable feature of our NPCL toolkit is that it provided 102 NPCLs with a broad range of evolutionary rates. In the case of our demonstration, we used 30 NPCLs to resolve a family-level salamander phylogeny using both traditional concatenation analyses and a more promising species-tree analysis. However, this example does not mean that our toolkit performs well only on deep-timescale questions. Our ongoing study using this toolkit to resolve the intra-relationships within Plethodontidae, a rapidly radiating group of salamanders, suggests that the toolkit developed here also performs well in resolving species-level phylogenies. For many vertebrate groups in which applicable nuclear markers are limited, such as some teleosts, frogs and salamanders, our NPCL toolkit can provide a one-stop solution for phylogenetic studies from the family level to the species level. Even for those groups in which specific nuclear marker sets have been developed, our toolkit is still worth trying, as many more loci can be easily obtained that may resolve some difficult branches.
The Toolkit Is a Good Addition to Sequence Capture Approaches
Recently, sequence capture approaches have been applied to vertebrate phylogenomics Lemmon et al. 2012; McCormack et al. 2012) . These approaches begin with the selective capture of genomic regions. Briefly, fragmented gDNA is hybridized to DNA or RNA probes either on an array or in solution. Nontargeted DNA is then washed away, and the targeted DNA is sequenced through NGS. The most promising feature of the sequence capture approach is that it can simultaneously produce hundreds to thousands of loci for tens of individuals within a relatively short time. Therefore, the sequence capture approach is considered to be much more cost-effective than the PCR-based method. According to the calculation of Lemmon et al. (2012) , for a 100 taxa Â 500 loci project, the cost of the sequence capture method is just 1-3.5% of the PCR-based method.
However, the sequence capture approach is currently too challenging for most phylogenetic researchers. Typical NGS runs (454 or Illumina) used by the sequence capture method generate 1,000,000-2,000,000,000 sequences. Storing and processing these NGS data require significant computer memory, hardware upgrades, and bioinformatic programming skills, which are often not familiar to most phylogenetic researchers. Moreover, phylogenetic reconstruction assumes that orthologous genes are being analyzed across species. For the PCRbased method, the detection of paralogous genes is relatively straightforward. However, in the sequence capture method, the captured genomic regions comprise short conserved cores (probe regions) and long unconserved flanking sequences. Because paralogy cannot be detected until after the data are aligned, those unalignable sequences will make the detection of paralogy more difficult. In fact, not every phylogenetic project will use more than 500 loci as the sequence capture method normally does. Based on both empirical and simulation data, 20-50 loci are generally sufficient to answer many phylogenetic questions (Rokas et al. 2003; Spinks et al. 2009 ). This is also the number of loci that most phylogenetic studies will use. In such a situation, adopting the sequence capture method is not cost-effective because researchers need to use relatively expensive NGS sequencing and spend time learning new experimental techniques and carrying out sophisticated bioinformatic processing. Our NPCL toolkit is specially designed for such medium-scale phylogenetic projects using approximately 50 loci. Such a number of expected loci can be easily fulfilled with our 102 NPCLs. Because more than 90% of the PCR reactions generated by our toolkit can be directly sequenced, the average cost for one locus per sample is rather low. In our laboratory, generating one new sequence typically costs US$ 3 (without considering labor).
In addition, researchers sometimes have only tiny amounts of DNA, but they wish to perform a multilocus phylogenetic analysis. In such a situation, the sequence capture method is difficult to implement because it normally requires DNA at the microgram level (Lemmon et al. 2012) . Our NPCL toolkit can fill the gap here. Benefiting from the use of the nested PCR strategy, the sensitivity of PCR reactions in our method is extremely high. In many test experiments in our laboratory, the toolkit and protocol could produce target bands with only 5-10 ng of DNA.
Our NPCL toolkit is an alternative to the sequence capture method for the everyday work of phylogenetic researchers. Which method to choose depends on two major drivers: the amounts of DNA and the expected number of loci. When your DNA is limited, the better solution may be PCR; otherwise, sequence capture also works. Taking into account the money and time the two methods require, we speculate that the economic transition point from PCR to sequence capture is at approximately 100 loci. That assessment is why our toolkit includes 102 NPCL markers. Our proposal is that when using 100 loci, one can try our NPCL toolkit; when using >100 loci, sequence capture should be used.
Future Directions
In this study, we used multiple genome alignments deposited in the University of California-San Cruz (UCSC) genome browser to identify long and conserved exons across jawed vertebrates. Benefiting from the use of a nested PCR strategy, the experimental performance of the developed NPCLs indicated that they are highly stable in all major jawed vertebrate groups. Recently, a database for mining exon and intron markers, called EvolMarkers, has been built by Li et al. (2012) . Careful investigation of this database may identify many conserved exons within nonvertebrates, whose interrelationships are currently more problematic than those of vertebrates. Because the nonvertebrates constitute many distantly related groups, it may be impossible to develop a single set of PCR primers for all nonvertebrates. However, following a similar marker development strategy, multiple NPCL toolkits could be constructed for various groups of nonvertebrates such as arthropods, echinoderms, and molluscs. In addition, because introns are flanked by conserved exons, the idea of the use of nested PCRs for marker development could also be applied to the development of EPIC (exon-primed intron crossing) markers, which are more suitable in shallow-scale phylogenetic or phylogeographic projects.
Despite the benefits of our proposed method, it must be recognized that when handling large-scale projects such as 200 taxa Â 100 loci, the use of our toolkit and Sanger sequencing will still require significant cost, time, and labor. An alternative solution is to use NGS to replace Sanger sequencing. Recently, 454 NGS technology has been applied to sequence-targeted gene regions from a pool of PCR products from different specimens (Binladen et al. 2007; Meyer et al. 2008 ). In such experiments, specific tagging sequences must be added to amplicons by either PCR (Binladen et al. 2007 ) or blunt-end ligation (Meyer et al. 2008) . Therefore, if the tailing sequences of the second-round PCR primers in our NPCL toolkit are replaced by tagging sequences instead (for tag designing, see , all PCR products can be pooled together and sequenced with the 454 NGS, which will greatly reduce the money and time cost compared with Sanger sequencing. However, parallel tagged sequencing via NGS does not circumvent the process of PCR for each individual at each locus, which may be the most onerous part of a large-scale phylogenomic project. Some promising new technologies may help to solve this problem, such as microdroplet PCR (Tewhey et al. 2009 ), where millions of individual PCR reactions are performed in picoliter-scale droplets simultaneously, and the 96.96 Dynamic Array by Fluidigm, which allows 96 primer combinations to be used on 96 samples (9,216 total PCR reactions) on a single PCR plate. However, there has been little research to applying NGS and new highthroughput PCR technologies to phylogenomics, so their ease-of-use and cost-effectiveness still need to be explored.
Summary
In conclusion, we have developed an improved method for rapidly amplifying and sequencing NPCLs that has proven to be useful and effective for molecular phylogenetic studies of vertebrates. The newly developed toolkit provides an attractive alternative to available methods for vertebrate phylogenomics.
Materials and Methods
Development of NPCL and Primer Design
Our previous study showed that nested PCR is overwhelmingly more effective than conventional PCR for obtaining target amplicons from complex genomic environments (Shen et al. 2012 ). However, nested PCR requires four conserved regions to design two pairs of primers (illustrated in fig. 6 , yellow blocks represent the conserved regions used for primer design), which means that only relatively long exons are suitable as candidates for NPCL development with the nested PCR method. To search for long and conserved exons, we took advantages of our previous bioinformatic method, which used the multiple genome alignment data from the UCSC Genome Browser to identify conserved exons (Shen et al. 2011) . Because the NPCL markers are to be used in vertebrates, we focused only on those multiple genome alignments that include at least six species: Danio rerio (zebrafish), Silurana tropicalis (frog), Anolis carolinensis (lizard), Gallus gallus (chicken), Mus musculus (mouse), and Homo sapiens (human). The alignments of candidate exons had to meet two criteria: length of more than 700 bp and pairwise similarity ranging from 35% to 90%. The detailed bioinformatic pipeline has been described elsewhere (Shen et al. 2011 ). In addition to using multiple genome alignments to screen NPCL candidates, we also manually searched for nuclear genes that were used previously (Murphy et al. 2001; Li et al. 2007; Townsend et al. 2008; Wright et al. 2008; Zhou et al. 2011; Song et al. 2012) in the ENSEMBL database to check whether they contain large and appropriately conserved exons.
As a result, we assembled a total of 305 NPCL candidate alignments, of which 120 contained the appropriate number of conserved blocks, and used these to design nested PCR primers. To increase the success rates of our NPCL markers in amniotes, we manually added a turtle sequence (Chrysemys picta bellii) to each of the candidate alignments using data downloaded from the ENSEMBL database. A total number of 480 primers were designed for the 120 NPCL candidates. Briefly, the first-round PCR primers are only used to enrich target regions from genomic environments and not to obtain target amplicons, so the degeneracy of these primers is normally high to increase reaction sensitivity; the second-round PCR primers are used to obtain target amplicons, so the Laboratory Protocol FIG. 6 . Schematic representation of the experimental protocol for using our NPCL toolkit. Note that for each NPCL, nested PCR primers are designed on four short conserved blocks flanking the target region.
degeneracy of these primers is lower to increase reaction specificity. Our previous study showed that the nested PCR method often produces strong and single amplicon bands (Shen et al. 2012) . To facilitate the next-step direct sequencing, we added a tail (5 0 -AGGGTTTTCCCAGTCACGAC-3 0 ) to the 5 0 -end of all second-round forward primers and a tail (5 0 -AGATAACAATTTCACACAGG-3 0 ) to the 5 0 -end of all secondround reverse primers. These tail sequences can provide two unique anchoring sites for direct sequencing from cleaned PCR products. In our pilot experiments, adding the tail sequences to primers did not affect the efficiency of the secondround PCR.
Experimental Testing for Candidate Markers in 16 Jawed Vertebrates
To test the experimental performance of our newly designed NPCL markers, we selected 16 taxa representing nine major jawed vertebrate lineages: Chondrichthyes (Sphyrna lewini); Actinopterygii (Lepisosteus oculatus and Pangasius sutchi); Dipnoi (Protopterus annectens); Lissamphibia (Ichthyophis bannanicus, Batrachuperus yenyuanensis, and Rana nigromaculata); Mammalia (Mus musculus and Sus scrofa domestica); Testudines (Trionyx sinensis and Podocnemis unifilis); Aves (Struthio camelus and Zosterops japonica); Crocodylia (Crocodylus siamensis); and Squamata (Hemidactylus bowringii and Naja naja atra). Total genomic DNA was extracted from ethanol-preserved tissues (liver or muscle) using the standard salt extraction protocol. All extracted genomic DNAs were diluted to a concentration of 50 ng ml À1 with 1 Â TE and stored at À20 C before PCR amplification. All 120 NPCL markers were tested with a two-round PCR strategy (nested PCR). The first-round PCR was performed in 25 ml reaction containing 1-2 ml template DNA (50-100 ng), with final concentrations of 1Â PCR buffer, 200 mM dNTP, 400 nM of each forward and reverse first-round primers, and 1.25 U Taq polymerase (TransTaq High Fidelity; TransGen, Beijing). The cycling conditions of the first-round PCR were as follows: an initial denaturation step of 4 min at 94 C followed by 35 cycles of a 45 s denaturation at 94 C, a 40 s annealing at 45 C, and a 2 min extension at 72 C followed by a final 10 min extension at 72 C. The second-round PCR was also performed in 25 ml reaction containing 1 ml of the first round PCR product (without dilution) and final concentrations of 1Â PCR buffer, 200 mM dNTP, 400 nM of each forward and reverse second-round primers, and 1.25 U Taq polymerase. The cycling conditions of the second-round PCR were as follows: an initial denaturation step of 4 min at 94 C followed by 35 cycles of a 45 s denaturation at 94 C, a 40 s annealing at 50 C, and a 90 s extension at 72 C followed by a final 10 min extension at 72 C. One microliter of the second-round PCR products was analyzed on 1.0% TAE agarose gel. An NPCL marker was considered successful if more than 8 of the 16 tested taxa produced target amplicon bands. On this basis, 102 out of 120 tested NPCL markers were successful. The nested-PCR primers for the 102 NPCL markers can be found in the online supplementary table S1, Supplementary Material online. If the PCR products contained significant nonspecific amplicon bands (normally < 10%), they needed further processing, for example, standard gel cutting or cloning. If the PCR reactions produced single amplicon bands (normally > 90%), they were cleaned with ExoFAP treatment: 2 U ExoI and 0.4 U FastAP (all Fermentas) were added to the PCR tube and incubated for 30 min at 37 C and 15 min at 80 C. The cleanup PCR reactions can be directly used as templates for Sanger sequencing. According to our experimental designs, all PCR fragments can be sequenced with the two universal sequencing primers Seq_F: 5 0 -AGGGTTTTCCCAGTCACGAC-3 0 and Seq_R: 5 0 -AGATAACAATTTCACACAGG-3 0 from both ends. A typical Sanger sequencing reaction in our laboratory consumes 0.5 ml BigDye and 1 ml cleanup PCR product. The primer design strategy, the laboratory protocol for the nested PCR method and the pretreatment of PCR products before Sanger sequencing are illustrated in figure 6.
Calculation of Relative Evolutionary Rate of 102 NPCLs
The rate multipliers (m) across partitions estimated in MrBayes 3.2 (Ronquist et al. 2012 ) are used as relative evolutionary rates. To calculate these parameters, alignments for each NPCL were prepared for 12 species: Homo sapiens, Macaca mulatta, Mus musculus, Rattus norvegicus, Gallus gallus, Meleagris gallopavo, Chrysemys picta bellii, Anolis carolinensis, Silurana tropicalis, Tetraodon nigroviridis, Takifugu rubripes, and Danio rerio. Because genome data are available for the 12 species, we did not generate any new data. The 102 NPCL alignments were then combined and subjected to MrBayes analyses, partitioned by genes. Each gene was assigned a separate GTR + À + I model and all model parameters were unlinked. Two Markov chain Monte Carlo (MCMC) runs were performed with one cold chain and three heated chains (temperature set to 0.1) for 50 million generations and sampled every 1,000 generations. The rate multiplier for each gene was estimated using Tracer version 1.4 after discarding the first 50% of the generations. All evolutionary rates were normalized by dividing by the maximum value of the obtained rates.
Gene and Taxon Sampling for Investigating Higher Level Salamander Relationships
To test the utility of our NPCL toolkit in a real case, we selected 19 salamander taxa representing all 10 salamander families and 9 outgroup taxa to investigate the family-level relationships of salamanders (supplementary table S2, Supplementary Material online). For gene sampling, we randomly selected 30 NPCL markers whose PCR success rates were more than 90% in the 16 previously tested vertebrates. Among the target 840 sequences (30 markers for 28 taxa), 201 were available in public databases (NCBI, UCSC, and ENSEMBL), whereas the remaining 639 sequences needed to be generated de novo. The experimental procedure was as described earlier. All obtained sequences were examined by checking for the presence of premature stop codons (pseudogene) and by BlastX searches against the nonredundant protein sequences (nr) to confirm that they were our target genes. The NPCLs, species, and accession numbers for the newly obtained sequences are listed in the supplementary table S2, Supplementary Material online.
Phylogenetic Analyses
Alignments of all 30 NPCL markers were conducted using the G-INS-i method from MAFFT (Katoh et al. 2005) under the default settings according to their translated amino acid sequences, then refined by eye. All 30 refined alignments were combined into a concatenated data set (27,834 bp) .
For the concatenated data set, we manually defined five partitioning strategies: 2 partitions (one for codon positions 1 and 2 and one for codon position 3); 3 partitions (one partition for each codon position); 30 partitions (one partition for each gene); 60 partitions (one for codon position 1 + 2 and one codon position 3 across 30 genes); and 90 partitions (codon position partitioning across 30 genes). Comparisons of the five partitioning strategies and selections of corresponding nucleotide substitution models were conducted under the Bayesian information criterion implemented in PartitionFinder (Lanfear et al. 2012) . The 3-partition scheme (one partition for each codon position) was chosen as the best-fitting partitioning strategy, and all 3 partitions favored the GTR + À + I model.
The concatenated data set was separately analyzed with both ML and Bayesian inference (BI) methods under the 3-partition scheme. Partitioned ML analyses were implemented using RAxML version 7.2.6 (Stamatakis 2006) , with the GTR + À + I model assigned for each partition. A search that combined 100 separate ML searches was applied to find the optimal tree, and branch support for each node was evaluated with 500 standard bootstrapping replicates (-f d -b 500 option) implemented in RAxML. The partitioned BI was conducted using MrBayes 3.2 (Ronquist et al. 2012) . All model parameters were unlinked. Two MCMC runs were performed with one cold chain and three heated chains (temperature set to 0.1) for 60 million generations and sampled every 1,000 generations. The chain stationarity was visualized by plotting Àln L against the generation number using Tracer version 1.4, and the first 50% of generations were discarded. Topologies and posterior probabilities were estimated from the remaining generations. Two runs for each analysis were compared for congruence.
We also performed Bayesian phylogenetic analyses under a mixture model CAT + GTR + À4 in PhyloBayes 3.3 (Lartillot et al. 2009 ) with two independent MCMC runs. Each run was performed for 10,000 cycles and sampled every cycle. Stationarity was reached when the largest discrepancy (maxdiff) was less than 0.1 between two independent runs. The first 5,000 trees in each MCMC run were discarded. The remaining 10,000 trees of the two runs were sampled every 5 trees to generate a 50% majority-rule posterior consensus tree.
Species tree estimation was conducted using the pseudo-ML approach in the program MP-EST (Liu et al. 2010 ) under the coalescent model. Briefly, the gene trees for 30 NPCL markers were reconstructed with ML under the GTR + À8 model using PHYML 3.0 (Guindon et al. 2010) . The resulting 30 gene trees were rooted with an outgroup (Chrysemys picta bellii) and used to generate an MP-EST species tree using the program MP-EST. The robustness of the species tree was evaluated with nonparametric bootstrapping of 500 replicates.
Alternative phylogenetic hypotheses were tested based on 30-gene data set. We first calculated sitewise log likelihoods of alternative trees using RAxML (-f g) under the GTR + À + I model. Then, the site log-likelihood file was used to estimate P values for each alternative tree in CONSEL program (Shimodaira and Hasegawa 2001) , using the Kishino-Hasegawa test (KH) (Kishino and Hasegawa 1989) , the approximately unbiased test (AU) (Shimodaira 2002) , and the RELL bootstrap proportion test (BP).
Supplementary Material
Supplementary tables S1 and S2 and figures S1 and S2 are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/).
